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Overview

* Vehicle Technologies Office Energy Storage Overview
e Cost Scenarios for Different Chemistries

 VTO Roadmap

e Silicon Anode Key Results

* Silicon Anode Focus Areas

* SEISta Overview

* Si Deep Dive Overview

* Questions?

* Panel Discussion
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VTO Energy Storage R&D Overview and Strategy
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CHARTER: Develop battery technology that
will enable large market penetration of Cost Goal: S]_OO / kWh (useable)
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What Chemistries Can Help Meet DOE’s Cost Goal?

Cost for Useable Energy, $/kWh,

Projected Cost for a 100kWh,,,,,, 80kW Battery Pack

These are best case projections: all chemistry problems solved, performance is not limiting, high volume
manufacturing, does not include extreme fast charge capability.
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VTO R&D Materials Roadmap

Current emphasis: The development of high voltage cathodes and electrolytes coupled
with high capacity metal alloy anodes. Research to enable lithium metal-Li sulfur systems.

A
Long Term Lithium Metal-Lithium Sulfur—Lithium Air ‘
Research Theoretical Energy: 3000 Wh/kg, >3,000 Wh/I
$100/kWh, EV Battery
Focus 2016.2022 S|I.|con Anode with High-Voltage Cathode
Practical Energy: 300 — 400 Wh/kg, 800 — 1,200 Wh/I

l:>.° Focus 2010-2015

= 2014 DOE EERE PHEV High-Voltage Cathode

o Goals: $300/kWh,, Practical Energy: 220 Wh/kg, 600 Wh/I

Graphite/Layered Cathode

Theoretical: 400 Wh/kg, 1,400 Wh/I
Practical Energy: 150 Wh/kg, 250 Wh/I

~300 Cells, ~$10,000 PHEV

Achieved

~200 Cells, ~$3400
PHEV Battery
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Silicon Anodes: Key Technical Results

Targets Challenges
* 1,000+ mAh/g * Large first-cycle irreversible loss
e 10 vyears & 1000 cycles * Low cycle and calendar life / High capacity fade

Specific Energy (Wh/kg)

Specific Energy vs. Time

(Deliverables from DOE-funded Developers, data point size and color reflect cycle life)
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VTO Energy Storage R&D Overview and Strategy for Silicon and Intermetallics
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<NREL

ATIONAL RENEWABLE ENERGY LABORATORY

Silicon Electrolyte Interface Stabilization
Focus Group

Anthony Burrell

National Renewable Energy Laboratory
6/20/2018
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SEISta — Approach and Overview

Overarching Mission: Develop a stable SEI layer for Silicon
Anodes to enable the use of intermetallic anodes for lithium ion
batteries.

This is not a new challenge but we believe that the difficulties
working with silicon have precluded a “quick fix” to long term
stability of silicon electrodes.

We require a more foundational understanding of the
formation and evolution of the SEI on silicon.

Understand first, fix later!
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Approach

Critical Questions:

 What are the properties of the lithiated silicon electrolyte interface?

 What is the Silicon SEl actually made of and what reactions are contributing to it?
 How fast does the Silicon SEI grow?

 Does it stop growing?

* Isitsoluble?

 Can it be stabilized?

Team work

* Coordination with the Deep Dive

* Understanding is critical

* Multiple characterization tools on the same problem
 Well characterized samples

e Standardized protocols

e Reproducibility across the team (multiple labs)

e  Communication !l

o Allinformation is stored on BOX ] - . B T HA
Weekly team meetings (video) :Eace to FaC meeting Jan 2018

Quarterly face to face
Multiple side phone meetings

Site visits by researchers to other Iab.s OAK
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Milestones FY18

Quarter 1 Milestone:

Have completed the selection and characterization (XPS, SIMS, IR, and Raman), including determination of the surface termination
chemistry and impurity levels, of the SEISta model research samples to be used by all members of the team in FY18. 100% complete

Quarter 2 Milestone:

Have characterized (XPS, SIMS, IR, and Raman) the surface chemistry and composition of the SEISta model research samples after
contact with the electrolyte, before cycling, including the nature of the electrolyte decomposition products. 100% complete

Quarter 3 Milestone:

Completed characterization (electrochemistry, IR and Raman) of the early stage silicon electrolyte interphase formation on the SEISta
model research samples, specifically by establishing and demonstrating a procedure for quantitatively measuring the solubility of SEl on
silicon surfaces.

Quarter 4 Milestones:

Established and demonstrated a procedure for measuring the growth rate of silicon SEI components at fixed potentials and during
cycling.

Have determined how the physical properties of the silicon electrolyte interface are influenced by the nature of the silicon surface on the

SEISta model samples. | OAK
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Development of Standard Handling Protocols, Test Procedures, Samples and

Platforms is Critical to Success

Established protocols for sample synthesis, preparation, characterization and analysis to ensure
compatibility of experimental data from all consortium members. complete.

Standard Procedures Standard materials supplled E.Iectrodes pr(.epared and
for everything form single batches shipped form single source.

Baselines must be consistent across all partners. The life history of the silicon sample may play
a critical role in the formation and evolution of the SEI. If each partner is not “making the same
measurements on the same sample” then progress is going to be slow.
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Chemical reactivity vs electrochemicalreactivity

J. Phys. Chem. C 2017, 121, 14476-14483
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Surface analysis of Formation ID BAT348
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Predicting and Understanding Novel Electrode Materials
From First-Principles Project ID BAT344

INREL @ik, 1)

NATIOMNAL REMEWABLE ENERGY LABORATORY

',

SEI LIEDC

OAK
F.'.Il}n:,l Argnn ne'ﬁ : Li,sio,

.I-- NAF WAL LEFIEASIAr - .
Li;sSig




Thrusts for remainder of FY18: Lithium Silicate

- 1. Understand the materials phase space

“Equilibrium” pathway for lithiation of crystalline SiO2 can be
followed along the red line shown in the bulk Li-Si-O phase
diagram obtained from the Materials Project database.

2. Prepare model compounds and surfaces
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3. Understand the W
electrochemical evolution b ST e T i
of the LixSiOy

Using model lithium silicate thin film layers on silicon
thin film anodes to determine effect of lithium silicate

A P B G : . 1
W T —— formation on evolution of silicon SEI
] | ] , Do Lithium silicate films have an effect on the
_J ' lithiation kinetics and SEI formation and

T evolution?
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Thrusts for remainder of FY18: SEI Stability

We will focus a significant experimental . /VW m

effort to understand the different : Nember ciﬁigify '%'2325!&9 Caﬂ?%%y/cl‘fs

. . g" ' —Full —Pos —Neg mANg mAhfg mANg

mechanisms that are present: 3 PO R MY
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1 4 133.7 129.3 45

° 0.5 5 125.6 124.8 0.8

Careful electrochemistry on model . A Y 5 16 1237 o

0 200 400 600 800 1000
Time, h

electrodes

The capacity of silicon containing cells show significant
loss even in calendar studies. The expansion
contraction of the silicon is not the only failure
mechanism.

Precision electrochemistry coupled
with detailed spectroscopy Does the SEIl continue to grow? Does it dissolve? Are
the specific parasitic reactions that limit stability!

The principle for selecting the samples is to decouple lithiation current versus corrosion/
passivation current. All Si electrodes must yield reproducible results under the same
testing conditions. Therefore consistency of the key physico-chemical parameters of Si
electrodes such as thickness, crystallinity, Si surface orientation is essential for the success
of this research thrust. -
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Conclusions

* The nature and life history of the silicon has a dramatic effect on
the formation and evolution of the SEIl on silicon.

* Understanding the SEI on silicon will require multiple
characterization techniques but if the samples and experiments
are not “the same” then confusing results are obtained.

* Ateam approach with rigorous sample and experimental
control is at the heart of this project.

* Understanding is the key to enabling silicon anodes and clear
experimental data that is universally applicable is the goal
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Silicon Deep Dive
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Next Generation Anodes for Lithium-lon Batteries:
Silicon Deep Dive Overview

Objectives: Stabilize the SEI - Stabilize the electrode

Overall focus on insights into and advancement of silicon-based
materials, electrodes, and cells.

Advancements verified on life and performance of full cells using
standardized testing protocols.

» Extensive electrochemical and analytical diagnostic studies.

» Facilities supporting program through a wide range of studies.

— Battery Abuse Testing Laboratory (BATLab); Battery Manufacturing Facility
(BMF); Cell Analysis, Modeling, and Prototyping (CAMP); Materials
Engineering Research Facility (MERF); Post-Test Facility (PTF)

= Development and testing of coatings and additives designed to modify and
stabilize the interface.

= Develop and analyze polymer binders designed to accommodate volume changes,
increase conductivity, and improve adherence.

= Active material development.

Sandia
National
Laboratories

— Explore lithium inventory strategies.
— Study silicon composites and alternative high-energy metals.
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Strong Interactions Between Silicon Anode
Consortium Projects

Electrochemistry SIIICON Deep Dive _ |
Joint Weekly Meetings

Shared Researchers Raman Studies

Analytical Diagnostics IR Studies

Interfacial Studies

Interface Modification =~ NMR Studies Strong Communications
Collaborative Efforts XPS Studies Cycling Protocols
Silicon Electrolyte Interface Stabilization (SEI-Sta)
laboratories —CASLDGIL 7 e e 20 INREL Argonne &%
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Advancements Verified on Life and Performance of Full
Cells using Standardized Testing Protocols

Full Initial Baseline Cells Capacity Fade

As the Silicon content increases: 160 . Voltage Window 3.0 to 4.1 volts
--- Energy increases C/20x 3
--- Increased voltage hysteresis %, 140 - C/3x 92 Cle0x3
g - y X == - /
--- Lower current efficiency < 120,
--- Increased volume change E :
= 100 —+
= C
Half-Cells Voltage Profile & 80
o - **Hybrid pulse power characterization
0.6 _ ‘:’ 60 | (HPPC) provides impedance data SHPPC
——15%nsi, LIPAA, 5 mv 8o " 0% nSi, MagE, PVDF [A-A007]
05 __O%nSLIPAASMY 2 40 | 5%nsSi, MagE, LiPAA [A-A009)]
—>%nSL LIPAA, SmV 2 - 10% nSi, MagE, LiPAA [A-A008]
0% nSi, PVDF, 5 mV () 20 - o . .
04 - e e - 15% nSi, Magk, LiPAA [A-AQ06A]
= . . 0 Journal of the Electrochemical Society 163 (3) A345 (2016)
ano 3 | | [ |
8 0 20 40 60 80 100
(=]
> o2 * weight of NCM 523 Cycle #
_ Anodes: A-AOO_ Cathode: A-C013A
01 92-73 wt% Hitachi MagE 90 wt% Toda NCM 523
i 0-15 wt% Nano&Amor Silicon S WIOA’ Timcal C45
0 b NN N N (50-70nm) 5 wt% Solvay 5130 PVDF
0 100 200 300 400 500 600 700 800 900 2 wi% Timcal C45 ~2 mAh/cm? Electrodes
Capacity (mAh/g) 10 wt% LiPAA (LiOH titrate) ~ Matched to ~1.10 to 1.30 n:p ratio
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Focus on Insights and Advancement of

Silicon-Based Materials, Electrodes, and Cells

Highly integrated program based at six National Laboratories,
presented in five technical presentations.

= BAT349: Research Facilities Support
— Kyle Fenton

= BAT350: Electrode Characterization and Analysis
— Steven Trask

= BAT351: Active Particle Studies
— Baris Key

= BAT352: Active Materials Advancements
— Zhengcheng (John) Zhang

» BAT353: Crucial Supporting Materials Advancements
— Gao Liu
Industrial participation and/or collaboration that does not limit

program innovation or the free flow of information is encouraged
(e.g. Paraclete Energy is present baseline silicon supplier).
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, —gas cell
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Strength of Silicon Deep Dive Effort is Based on
Strong Researcher Interactions
» BMF examines gassing and other issues during 1
processing of silicon containing electrodes and 1
works with the diagnostics effort to correlate to : N O 1O

A few examples :
performance. ‘ s (A0) ”

Mass Spectrometer Signal

* NMR researchers conduct a number of
fundamental studies, as well as, supporting the
diagnostics effort and materials and process
development.

» Post-Test facility conducts a broad range of
diagnostics on aged cells and, in addition, its
capabilities are used to characterize pristine and
aged Si-based electrode materials and Li-Si
phases.

= CAMP, with support from team, identifies and
obtains baseline materials, fabricates electrodes =~
and cells, and distributes across the complex.
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